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(54) FLUORESCENT ENZYME SUBSTRATES AND METHOD FOR ASSAYING ENZYMATIC 
ACTIVITY 



(57) The enzyme substrate according to this inven- 
tion has within its molecule both a group to be cleaved 
by an enzyme reaction and a group that forms a 
strongly fluorescent coumarin derivative through 
intramolecular lactonization when cleaved by the 
enzyme reaction. Furthermore, the method for deter- 



mining an enzyme activity according to this invention 
comprises conducting the enzyme reaction by the use 
of the enzyme substrate of the invention and determin- 
ing the enzyme activity by means of the measurement 
of fluorescence of the coumarin derivative formed. 
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Description 

TECHNICAL FIELD 

5 This invention relates to a novel fluorescent enzyme substrate and a method for determining an enzyme activity by 

means of the enzyme substrate. 

BACKGROUND ART 

10 Techniques are known to determine the activity of a specified enzyme with high sensitivity by measuring its fluores- 
cence. Among the techniques, there is a method known where a 4-methylumbelliferone derivative is employed as a 
substrate (see, the scheme below). Since the enzyme reaction product (4-methylumbelliferone) from the substrate is a 
phenol derivative in this method, the enzyme activity in reaction is inhibited by a phenolate ion that has increased in the 
reaction solution. Thus, there is the possibility that it will become difficult to determine the enzyme activity consistently 

15 within a sufficient period of reaction time. 



20 




25 

Also, U.S. Pat. No. 5,316,906 and 5,443,986 disclose an enzyme reaction substrate having a certain substituent 
that is released by enzyme reaction and emits strong fluorescence as well as a method for determining an enzyme 
activity by means of the substrate. In this case, the substrate has weak fluorescence even before the enzyme reaction 
30 takes place and further, it generates precipitate after the enzyme reaction (see, the scheme below). 




45 

DISCLOSURE OF THE INVENTION 

The present inventors made extensive researches with a view to developing novel enzyme substrates and methods 
for determining enzyme activities, and discovered novel fluorescent enzyme substrates characterized by the following: 
so (1) they do not display any fluorescence before enzyme reactions, but their reaction products display strong fluores- 
cence after the reactions; and (2) the enzyme reaction products have chemically inert structures (aromatic compounds) 
that are not phenol derivatives. Furthermore, the present inventors have succeeded in establishing methods for deter- 
mining enzyme activities by means of such enzyme substrates and accomplished this invention. The scheme as shown 
below illustrates the concept of the invention. 

55 
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Namely, the novel enzyme substrates according to this invention yield products having coumarin skeletons (cou- 
marin derivatives) that display strong fluorescence after the enzyme reactions; therefore, they are not provided with 
functional groups such as phenolic hydroxyl and are biochemically inert, also being not susceptible to aqueous solu- 
15 tions having a wide range of pH. 

Furthermore, the methods for determining enzyme activities according to this invention determine the enzyme 
activities with high sensitivity by employing the above-mentioned substrates through fluorescence measurement. 

Specifically, this invention, in a general sense, provides an enzyme substrate represented by the following formula: 

20 (BLOCK-0)-X cu 

wherein BLOCK (or BLOCK group) is any one blocking group selected from the group consisting of: a monova- 
lent blocking group derivable by removal of one hydroxyl from a phosphoric acid group, a sulfuric acid group, or a salt 
biologically exchangeable with the foregoing groups; a monovalent blocking group derivable by removal of a hydroxyl 
25 from an aliphatic carboxyl, an aromatic carboxyl, an amino acid carboxyl, or a peptide carboxyl; and a monovalent 
blocking group derivable by removal of any one hydroxyl from a monosaccharide or a polysaccharide, and said BLOCK 
is cleaved from said substrate by the action of a specified enzyme to yield a HO-Xqu product, and further, said HO-X cu 
product intramolecularly forms a lactone ring to provide a coumarin derivative; 
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[COUMARIN DERIVATIVE] 



wherein X cu has a structure represented by the following formula and is covalently bound to oxygen O at Ci car- 

40 bon, 
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wherein L represents H, NH 4 , alkyl having 1 to 4 carbons, tetraalkylammonium having 1 to 4 carbons, or an alka- 
55 line metal or an alkaline earth metal; and further, 

wherein the coumarin derivative has a structure represented by the following formula: 
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Moreover, the invention provides the above-mentioned enzyme substrate wherein the C 3 -C 4 bond forms a 5- or 6- 
membered aromatic ring; H is bound to C 5 , C 6 , and C 7 ; and H or CH 3 is bound to C 8 . 

Also, the invention provides the above-mentioned enzyme substrate wherein the X cu has a structure represented 
by the following formula: 




Also, the invention provides the above-mentioned enzyme substrate wherein dialkylamino having 1 to 3 carbons is 
bound to C 5 ; hydrogen is bound to C 3 , C 4 , C 6 , and C 7 ; and H or CH 3 is bound to C 8 . 

Furthermore, the invention provides the above-mentioned enzyme substrate wherein the X cu has a structure rep- 
resented by the following formula: 




Still further, the invention provides the above-mentioned enzyme substrate wherein alkyloxy having 1 to 3 carbons 
is bound to C 3 and C 5 ; H is bound to C 4 , C 6 , and C 7 ; and H or CH 3 is bound to C 8 
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Also, the invention provides the above-mentioned enzyme substrate wherein the X cu has a structure represented 
by the following formula: 
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In addition, the invention provides the above-mentioned enzyme substrate wherein the BLOCK is a phosphoric acid 
group (P0 3 2 ), D-galactopyranoside, or acetyl (CH 3 CO). 

Moreover, the invention provides a method for determining an enzyme activity, said method comprising the follow- 
ing two steps ((A)and (B)) of: 

(A) treating a sample containing an enzyme to be detected, with an enzyme substrate represented by the following 
formula: 

(BLOCK-O)-Xcu 

wherein BLOCK is any one blocking group selected from the group consisting of: a monovalent blocking 
group derivable by removal of one hydroxyl from a phosphoric acid group, a sulfuric acid group, or a salt biologically 
exchangeable with the foregoing groups; a monovalent blocking group derivable by removal of a hydroxyl from an 
aliphatic carboxyl, an aromatic carboxyl, an amino acid carboxyl, or a peptide carboxyl; and a monovalent blocking 
group derivable by removal of any one hydroxyl from a monosaccharide or a polysaccharide, and said BLOCK is 
cleaved from said substrate by the action of a specified enzyme to yield a HO-X cu product, and further, said HO- 
X cu product intramolecularly forms a lactone ring to provide a coumarin derivative; 

wherein X cu has a structure represented by the following formula, the C 7 -C 2 bond and the C 8 -C 9 bond have 
cis-configuration with respect to the C 7 =C 8 double bond, and the X cu is covalently bound to oxygen O at C 1 car- 
bon, 




wherein L represents H, NH 4> alkyl having 1 to 4 carbons, tetralkylammonium having 1 to 4 carbons, or an 
alkaline metal or an alkaline earth metal; and further, 

wherein said coumarin derivative has a structure represented by the following formula: 
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; and 

(B) detecting said coumarin derivative. 

Also, the invention provides a method for determining an enzyme activity, said method comprising the following two 
steps ((A) and (B)) of: 

(A) treating a sample containing an enzyme to be detected, under irradiation conditions, with an enzyme substrate 
represented by the following formula: 

(BLOCK-0)-X cu 

wherein BLOCK is any one blocking group selected from the group consisting of: a monovalent blocking 
group derivable by removal of one hydroxyl from a phosphoric acid group, a sulfuric acid group, or a salt biologically 
exchangeable with the foregoing groups; a monovalent blocking group derivable by removal of a hydroxyl from an 
aliphatic carboxyl, an aromatic carboxyl, an amino acid carboxyl, or a peptide carboxyl; and a monovalent blocking 
group derivable by removal of any one hydroxyl from a monosaccharide or a polysaccharide, and said BLOCK is 
cleaved from said substrate by the action of a specified enzyme to yield a HO-Xqu product, and further, said HO- 
X cu product intramolecularly forms a lactone ring to provide a coumarin derivative; 

wherein X cu has a structure represented by the following formula, the C 7 -C 2 bond and the C 3 -C 9 bond have 
trans-configuration with respect to the C 7 =C 8 double bond, and the X cu is covalently bound to oxygen O at C 1 car- 
bon, 




wherein L represents H, NH 4> alkyl having 1 to 4 carbons, tetralkylammonium having 1 to 4 carbons, or an 
alkaline metal or an alkaline earth metal; and further, 

wherein said coumarin derivative has a structure represented by the following formula: ; and 
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(B) detecting said coumarin derivative. 

Further, the invention provides the above-mentioned method wherein the X cu is a substrate in which the C 3 -C 4 
bond forms a 5- or 6-membered aromatic ring; H is bound to C 5 , C 6 , and C 7 ; and H or CH 3 is bound to C 8 . 

Also, the invention provides the above-mentioned method the X cu is a substrate having a structure represented by 
the following formula: 




Moreover, the invention provides the above-mentioned method wherein the X cu is a substrate in which 
dialkylamino having 1 to 3 carbons is bound to C 5 ; hydrogen is bound to C 3 , C 4 , C 6 , and C 7 ; and H or CH 3 is bound to 

C 8 . 

Also, the invention provides the above-mentioned method wherein the X cu is a substrate having a structure pre- 
sented by the following formula: 
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Furthermore, the invention provides the above-mentioned method wherein the X cu is a substrate in which alkyloxy 
having 1 to 3 carbons is bound to C 3 and C 5 ; H is bound to C 4 , C 6 , and C 7 ; and H or CH 3 is bound to C 8 . 

Also, the invention provides the above-mentioned method wherein the Xcu is a substrate having a structure repre- 
sented by the following formula: 
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In addition, the invention provides the above-mentioned method wherein the step of detecting the coumarin deriv- 
ative is to detect the fluorescence of the coumarin derivative. 

Also, the invention provides the above-mentioned method that is any one of the following methods: a method for 
determining the activity of alkaline phosphatase wherein the BLOCK is a phosphoric acid group (P0 3 2 ~); a method for 
determining the activity of acidic phosphatase wherein the BLOCK is a phosphoric acid (P0 3 ); a method for determin- 
ing the activity of p-galactosidase wherein the BLOCK is D-galactopyranoside; and a method for determining the activ- 
ity of esterase wherein the BLOCK is acetyl (CH 3 CO). 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a graph showing the photoequilibrium between cis- and trans-isomers of trisodium=2-[1 -(2-carboxyla- 
toethenyl)]naphtylphosphite that is a substrate according to this invention. 

Fig. 2 is a graph showing the photoequilibrium between cis- and trans-isomers of 3-(2-p-D-galactopyranosyloxy -1- 
naphtyl)-2-propenic acid that is a substrate according to the invention. 

Fig. 3 is a graph showing the measurement of the activity of alkaline phosphatase using trisodium=2-[1 -(2-carbox- 
ylatoethenyl)]naphtylphosphite that is a substrate according to the invention. 
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Fig. 4 is a graph showing the measurement of the activity of alkaline phosphatase using trisodium=(E)2-[1 -(2-car- 
boxylatoethenyl)]naphtylphosphite that is a substrate according to the invention. 

Fig. 5 is a graph showing the measurement of the activity of acidic phosphatase using trisodium=2-(1 -(2-carboxy- 
latoethenyl)]naphtylphosphite that is a substrate according to the invention. 
5 Fig. 6 is a graph showing the time-dependence of the activity of acidic phosphatase using trisodium=2-[1-(2-car- 

boxylatoethenyl)]naphtylphosphite that is a substrate according to the invention. 

Fig. 7 is a graph showing the measurement of the activity of galactosidase using 3-(2-p-D-galacto-pyranosyloxy-1 - 
naphtyl)-2-pronenoic acid ethyl ester that is a substrate according to the invention 

Fig. 8 is a graph showing the measurement of the activity of esterase using (E)-3-(2-acetoxy-4-diethyl-aminophe- 
10 nyl)-2-pronenoic acid ethyl ester that is a substrate according to the invention. 

Fig. 9 is a graph showing the measurement of the activity of esterase using 3-(2-acetoxy-4,6-dimethoxyphenyl)-2- 
methyl-2-pronenoic acid ethyl ester that is a substrate according to the invention. 

Fig. 10 is a graph showing the measurement of the activity of esterase using 3-(2-acetoxy-1 -naphtyl)-2-pronenoic 
acid ethyl ester that is a substrate according to the invention. 
is Fig. 1 1 is a graph showing the concept of the invention. 

BEST MODE FOR CARRYING OUT THE INVENTION 

Fluorescent Enzyme Substrates 

20 

The fluorescent enzyme substrate (or simply referred to as "enzyme substrate") according to this invention has a 
structure wherein one group (represented by "BLOCK") that dissociates as a result of a specific enzyme reaction for 
which the activity is to be determined and the other (X cu ) group that dissociates as the result of said enzyme reaction 
are covalently bonded through oxygen. Namely, the enzyme substrate is represented by the following formula: 

25 

(BLOCK-0-)-X cu 

Such enzyme substrate yields BLOCK-OH and OH-X cu as products when the BLOCK group is cleaved by the spe- 
cific enzyme reaction. 

30 

[ENZYME REACTION] 

( BLOCK - O -)- Xcu BLOCK-OH + HO - Xcu 

35 



Moreover, in the enzyme substrate according to this invention, the HO-X cu product from the aforementioned 
40 enzyme reaction further has a structure that intramolecularly forms a lactone ring to give a coumarin derivative. Then, 
the hydroxyl (OH) formed as a result of the enzyme reaction disappears by being involved in the lactone ring formation. 
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Also, the HO-X cu product has a structure that forms a derivative (coumarin derivative) having a coumarin skeleton 
through such lactone ring formation. The coumarin derivative thus obtained displays strong fluorescence in solution. 

Therefore, as the specific enzyme reaction proceeds through the use of the enzyme substrate according to this 
invention, it becomes possible to observe the fluorescence arising from the above-mentioned coumarin derivative 
accordingly. 
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Thus, the types of "BLOCK" groups which are usable in this invention are not particularly limited insofar as they are 
substrates specific to the enzyme the activity of which is to be determined, and in addition, they are cleaved to BLOCK- 
OH and OH-X cu by the enzyme reaction. Concretely, named for the BLOCK is any one blocking group selected from 
the following, as will be shown by the formulae below: a monovalent blocking group derivable by removal of one hydroxyl 
from a phosphoric acid group, a sulfuric acid group, or a salt biologically exchangeable with the foregoing groups; also, 
a monovalent blocking group derivable by removal of a hydroxyl from an aliphatic carboxyl, an aromatic carboxyl, an 
amino acid carboxyl, or a peptide carboxyl; and further, a monovalent blocking group derivable by removal of any one 
hydroxyl from a monosaccharide or a polysaccharide. Such blocking groups (or "BLOCK") can preferably be used to 
determine the enzyme activity in the enzyme reaction involving each of phosphatase, esterase, galactosidase, and the 
like. 
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As explained above, "X cu " groups which are usable in this invention are not also particularly limited insofar as they 
generate HO- X cu through enzyme reactions that forms a lactone ring intramolecularly to give a coumarin derivative; 
however, they preferably have the partial structures as described below within their chemical structures. Here, X cu is 
covalently bound to oxygen "O" at C-i carbon and said oxygen is further covalently bound to the BLOCK. 
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The intramolecular lactonization proceeds through the release of HOL (leaving group) into solution by the reaction 
between the oxygen bound to the C 1 carbon and the carbonyl carbon C 9 . 
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20 

Accordingly, it is necessary that C 2 carbon, which is an ortho position with respect to the C 1 carbon of the benzene 
ring as described above, be substituted by a group having the structure of C 7 =C 8 -C 9 =0. Here, both cis- and trans-geo- 
metrical isomers are possible, where the C 9 carbonyl and the benzene ring are cis or trans with respect to the double 
bond between the C 7 carbon and the C 8 carbon, but the cis-isomer is the one that is capable of forming a coumarin 
25 derivative through the intramolecular lactonization. Thus, the intramolecular lactonization does not proceed in the trans- 
isomer as such, and as a result, since the coumarin derivative can not be formed, its fluorescence can not be detected. 
In such case, it is possible to photoisomerize the trans-isomer to the cis-isomer by appropriate irradiation. Through irra- 
diation during or upon completion of the enzyme reaction, the intramolecular formation of a lactone ring proceeds effi- 
ciently, thus generating the coumarin derivative. 
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Furthermore, in the cases where there is a substituent other than H at the C 6 carbon, which is the other ortho posi- 
tion with respect to the C 1 carbon, the enzyme reaction often does not proceed due to its steric hindrance, and in such 
50 cases, C 6 may preferably be unsubstituted. Substituents other than H at the C 3 , C 4 , and C 5 carbons are not also par- 
ticularly limited, and they may be the ones that allow the formation of the coumarin derivatives efficiently through the 
enzyme reactions. In this invention, preferred are the structures in which H is bound to C 6 and C 7 , and H or CH 3 is 
bound to C 8 . 

Although there are no particular limitations to the chemical structure of L in this invention, preferably usable are H, 
55 NH 4 , alkyl having 1 to 4 carbons (most preferably, methyl), tetralkylammonium having 1 to 4 carbons (most preferably, 
tetramethylammonium), an alkaline metal (most preferably, Na or K), and an alkaline earth metal (most preferably Ca). 

In this invention, the X cu group further embraces those which have the chemical structures as described above 
and, in addition, the C 3 -C 4 carbon bonds of which form 5- or 6-membered aromatic rings. 
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In these cases, it is possible to choose optimal structures for the resulting coumarin derivatives with respect to their 
excitation wavelengths, fluorescence wavelengths, fluorescence intensities, and so on. On the other hand, where too 
many aromatic rings are substituted, there is the possibility that the solubility of the enzyme substrate and the coumarin 
derivative obtained therefrom is insufficient and precipitates are formed, thus making them unsuitable for monitoring of 
the enzyme activity in reaction quantitatively or in real-time. The particularly preferred X cu group has a naphthalene 
skeleton, which adds one aromatic ring. 

In this invention, the X cu group further embraces those which have the chemical structures as described above 
and, in addition, the C 5 carbons of which are substituted by alkylamino groups. 




Here, FT and R" for the alkylamino group (NR'R") are preferably alkyls having 1 to 3 carbons; especially, it is pre- 
ferred that R' and R' are both ethyl. As regards the introduction of such substituents of alkylamino, the choice can be 
possible with a view to optimizing the excitation wavelength, fluorescence wavelength, fluorescence intensity and so on 
for the detection of fluorescence of the resulting coumarin derivative. 

In this invention, the X cu group further embraces those which have the chemical structures as described above 
and, in addition, the C 3 and C 5 carbons of which are substituted by alkyloxy having 1 to 3 carbons. As regards the intro- 
duction of such substituents of alkyloxy, the choice can be possible with a view to optimizing the excitation wavelength, 
fluorescence wavelength, fluorescence intensity and so on for the detection of fluorescence of the resulting coumarin 
derivative. Especially, methoxy can preferably be used in this invention. 
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Synthetic Methods 

There are no particular limitations to the synthetic methods for the fluorescent enzyme substrates according to this 
invention. Ordinary methods in organic synthesis known in the art can be used. As will be illustrated as an example in 
the scheme below, the route relying on Wittig reaction is preferable: It involves a method to introduce a double bond to 
the formyl group at the 1 -position of a salicylaldehyde derivative (I) through a Wittig reaction. The conditions for the Wit- 
tig reaction are not particularly limited, and ordinarily known conditions can preferably be used. (G. Wittig, U. Schoel- 
Ikopt, Org. Synth., Coll. Vol., V, 751 (1973).) 




Although the reaction product is a mixture of cis- and trans-isomers with respect to the double bond, the cis-isomer 
instantly undergoes intramolecular cyclization to give a coumarin derivative. Thus, known separation methods can be 
used to isolate only the trans-isomer, and it is possible to isolate the trans-isomer in purity more than 95% by column 
chromatography (e.g., with aminopropyl silica gel as a column support and a hexane/ethyl acetate or chloroform/meth- 
anol system as solvent) or the like. If necessary, methods such as recrystallization may further enable purification in 
more than 99.5%. Structural identification of the trans-isomer is feasible according to a combination of standard tech- 
niques such as absorption spectroscopy, infrared spectroscopy (IR), nuclear magnetic resonance spectroscopy (NMR), 
and mass spectroscopy (MS). Specifically, the presence of a naphthalene skeleton can be confirmed by the presence 
or absence of a characteristic absorption spectral band. (See, Handbook of Fluorescence Spectra of Aromatic Mole- 
cules, 2nd Ed. p330, Academic Press (1971).) The formation of a double bond can be confirmed by IR spectrum char- 
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acteristic of a cinnamate group (e.g., in the vicinity of 1610 and 1680 cm" 1 ) and NMR spectrum (e.g., double bond 
carbons and carbonyl carbons). Moreover, it can also be done by MS which confirms the presence of a parent peak or 
characteristic fragment peaks. 

Although the general structural identification techniques as described above are also usable for the structural iden- 
tification of the coumarin derivatives, the presence of strong fluorescence characteristic of a coumarin skeleton can be 
an identification tool as well. After separation on a column chromatograph, the coumarin derivative can be further made 
into a purified product in purity of more than 99.5% by recrystallization from ethanol (or hexane/ethyl acetate). The cou- 
marin derivative can be used in the calibration of fluorescence intensities as a reference material during the determina- 
tion of enzyme activities employing the substrates according to this invention. 

It is easy to introduce a required substituent at the phenolic OH group of the resulting trans-isomer. For a phos- 
phoric acid group, the method as described in W. Morozowich, et al., Journal of Pharmaceutical Sciences, 58, 1485- 
1 489 (1 969) can preferably be used, for example. For a D-galactopyranosyloxy group, the method as described in Man- 
abu Nakazono, Hitoshi Nohta, Kazumi Sasamoto and Yosuke Ohkura, Analytical Sciences, 8, 779-783 (1992) can pref- 
erably be used, for example. Also, for an acetyl group, the method as described in Organic Synthesis, Coll. Vol., Ill, 452 
(1955) can preferably be used, for example. Further, for a sulfuric acid group, the method as described in J. Freigen- 
baum, C. A. Neuberg, J. Am. Chem. Soc, 63, 3529 (1941) can preferably be used, for example. 

One concrete example of the introduction of a phosphoric acid group preferably involves reaction with phosphorous 
oxychloride and further hydrolysis under standard conditions. Structural identification of the reaction product is possible 
by confirming the disappearance of absorption characteristic of OH and the appearance of absorption characteristic of 
a phosphoric acid group in IR. At this juncture, the carboxylic acid ester group is simultaneously hydrolyzed. 

Structural identification of the resulting acid derivative is also possible by confirming the disappearance of absorp- 
tion characteristic of an ester group and the appearance of absorption characteristic of a phosphoric acid group in IR. 
In addition, isolation in a salt form is also possible by neutralization with an appropriate alkaline solution. Considering 
the ease in the preparation of substrate solutions and their stability in storage, trisodium salts are preferable. 

For one concrete example of the introduction of a D-galactopyranosyloxy group, a usable method is as follows: after 
the proton of a phenolic hydroxyl has been treated with a strong base such as sodium hydride, it is allowed to react with 
tetracetyl-a-D-galactopyranosyl bromide, and the acetyl groups, which are protecting groups for sugar hydroxyl groups, 
are removed for deprotection with a weak base such as sodium methoxide. 

For one concrete example of the introduction of an acetyl, a usable method involves reaction, in the presence of a 
base such as pyridine, with an anhydride of a carboxylic acid that corresponds to an acyl to be introduced. 

Methods for Determining Enzyme Activities 

The methods for determining enzyme activities according to this invention are those which use enzyme substrates 
according to the invention as explained above that specifically react in certain enzyme reactions. Namely, the method 
comprises the step of treating a sample containing an enzyme to be detected, with an enzyme substrate represented 
by the formula below and the step of detecting the aforementioned coumarin derivative. 
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Through the treatment of the enzyme with the enzyme substrate, the substrate is subjected to enzymatic hydroly- 
sis, yielding BLOCK-OH and OH-X cu . Further, the OH-X cu thus generated forms a coumarin derivative by way of 
intramolecular lactonization, and because the coumarin derivative is strongly fluorescent, it becomes possible to deter- 
mine the enzyme activity in reaction by detecting such fluorescence. 

Namely, the rate of the enzyme reaction according to this invention is sufficiently slow as compared to the reaction 
rate of the intramolecular lactonization, and it becomes possible to determine the reaction rate of the enzyme reaction, 
that is, the enzyme activity by measuring the fluorescence intensity arising from the coumarin derivative generated in 
the reaction solution. 

Also, the types of enzymes which can be measured in this invention are not particularly limited and it may suffice 
that they cleave the enzyme substrates according to this invention into BLOCK-OH and OH-X cu through the enzyme 
reactions. The enzymes accompanying such enzyme reactions contain, for example, a large number of hydrolases. 
Concretely, the enzyme activities for the enzyme reactions involving alkaline or acid phosphatase, sulfatase, galactos- 
idase, esterase and the like can be determined by employing the enzyme substrates according to this invention that 
specifically react with the respective enzymes. 

Namely, the enzyme substrates the BLOCK groups of which are defined in the following can be used: for alkaline 
or acid phosphatase, the BLOCK group is a phosphoric acid or an ester thereof; for sulfatase, the BLOCK group is a 
sulfuric acid or an ester thereof; for galactosidase, the BLOCK group is a monosaccharide or polysaccharide; and for 
esterase, the BLOCK group is an aliphatic carboxyl, an aromatic carboxyl, an amino acid carboxyl or a peptide carboxyl. 
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COOH 

[ALKALINE PHOSPHATASE] 

[ACID PHOSPHATASE] ^-^cr"0 






Moreover, when the enzyme activities in reaction are to be determined with respect to specified enzymes in this 
invention, it becomes possible to measure the enzymes having a variety of different enzyme reaction rates by selecting 
enzyme substrates having a variety of different substituents for use among those explained above according to this 
invention. In this connection, the selection can be made based on differences between Km values for the enzyme sub- 
strates having the respective substituents and Km values for cis- and trans-isomers of the enzyme substrates according 
to this invention as will be illustrated below: generally, a trans-isomer has a smaller Km value than a cis-isomer. 
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[SUBSTRATE FOR 0 -D-GALACTOSIDASE ] 




OH OH 
[ TRANS- ISOMER] [ CIS-ISOMER ] 

Km=0 . 07mM Km=0 . 53mM 



[SUBSTRATE FOR PHOSPHATASE] 




[TRANS -ISOMER] [CIS-ISOMER] 



target enzyme 


trans-isomer 


trans- and cis-isomers mixture 


alkaline phosphatase 
acidic phosphatase 


Km=0.14mM 
Km=0.23mM 


Km=0.50mM 
KM=1.51mM 



Where an enzyme substrate having a small Km value is selected, it normally becomes possible to decrease the 
amount of the substrate in the determination of the activity of the desired enzyme because of the property of Km values. 
The reactivity for an enzyme substrate can be determined by measuring its Km value in accordance with standard con- 
ditions. 

In the method for determining the enzyme activity in reaction by means of the enzyme substrate that is a cis-isomer, 
the irradiation conditions as described above will not be required because after the enzyme substrate is cleaved by the 
enzyme reaction, it forms a coumarin derivative by way of intramolecular lactonization. On the other hand, with the 
enzyme substrate that is a trans-isomer, OH-X cu generated by the enzyme reaction does not by itself undergo the 
intramolecular lactonization; therefore, it does not enable the measurement of the fluorescence that will arise from the 
coumarin derivative. In this case, the conditions that will allow irradiation of the enzyme reaction system are required. 
In this invention, the term, "treating under irradiation" means such irradiation conditions. In other words, the trans-iso- 
mer changes into the cis-isomer because the photoequilibrium between the trans-isomer and the cis-isomer is estab- 
lished under the irradiation conditions. Since the cis-isomer undergoes the intramolecular lactonization, the 
photoequilibrium shifts from the trans-isomer to the cis-isomer, and as a result, all the trans-isomer turns the cis-isomer 
which undergoes the lactonization. 
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Namely, in an embodiment where the substrate that is a trans-isomer is used, the enzyme reaction is first carried 
out under the conditions without irradiation, and the enzyme reaction is terminated after a period of appropriate time. 
Irradiation of the resulting reaction solution isomerizes OH-X cu that is a trans-isomer existing in the solution to its cis- 
isomer, which generates a coumarin derivative by way of intarmolecular lactonization; the measurement of its fluores- 
cence is thus possible. In this case, OH-X cu is present in the enzyme solution prior to the irradiation, which implies that 
the enzyme reaction product having a phenolic OH is present. In another embodiment where the substrate that is a 
trans-isomer is used, the method involves carrying out the enzyme reaction under the irradiation conditions and meas- 
uring the fluorescence of the coumarin derivative in the resulting reaction solution. Such irradiation conditions may be 
made possible by the use of an ordinary irradiation device. However, no particular irradiation device for the irradiation 
is needed under the standard enzyme reaction conditions, because the photoisomerization takes place easily. The irra- 
diation conditions achieved by a room lamp (including a fluorescence lamp) are even sufficient. The particular irradia- 
tion device may concretely employ a 1 5 W mercury discharge tube (365 nm) and irradiation with it for about one minute 
enables the quantitative isomerization to cis-isomers. 
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[ ENZYME REACTION] 

BLOCK - O - Xcu ► HO - Xcu 

[TRANS- ISOMER] [ TRANS -ISOMER ] 

[LIGHT] 



1| [LIGHT] I A 



[ ENZYME REACTION] ▼ 1 [ COUMARIN DERIVATTT/p i 

BLOCK- O -Xcu ► HO -Xcu ► VE] 



[CIS-ISOMER] [CIS-ISOMER] (DETECTION) 



[ENZYME REACTION UNDER IRRADIATION] 



[ENZYME REACTION] [IRRADIATION] 

BLOCK- O -Xcu ► HO -Xcu ► [Coumarin 

[ TRANS-ISOMER] r TRANS- ISOMER ] DERIVATIVE] 

(DETECTION) 

[ENZYME REACTION UNDER NO IRRADIATION] 



As explained above, the method according to this invention makes it possible to measure a comparatively slow 
enzyme reaction based on the measurement of fluorescence resulting from formation of the coumarin derivative and to 
measure the initial velocity of the enzyme reaction. By employing the above-mentioned enzyme substrate that is a cis- 
isomer or the substrate that is a trans-isomer under the irradiation conditions, it becomes possible to monitor the 
enzyme reaction in real-time without stopping said enzyme reaction. Furthermore, because in this case no phenolic 
products are present in the reaction solution, the inhibitory action on the enzyme reaction due to the accumulation of 
phenolic products, which is common, can then be suppressed. This effect will allow the enzyme reaction to be moni- 
tored from its initial stage over a sufficiently long time. 

Further, the method may preferably be used in the case employing the initial velocity method for enzyme activities, 
which is ordinarily known. 

According to the method of this invention, it becomes possible to determine the activity of alkaline phosphatase or 
of acidic phosphatase by using the enzyme substrate of this invention the BLOCK of which is a phosphoric acid group 
(P0 3 " 2 ) or a phosphoric acid ester. In this case, because the method according to this invention determines the enzyme 
activity through the detection of fluorescence of the coumarin derivative, effects of pH of the enzyme reaction solution 
are extremely small; therefore, the method has proved to be highly reproducible and also highly sensitive. Moreover, 
because the method relies on fluorescence measurement, the requisite concentration of the coumarin derivative which 
is the product of the enzyme reaction and the subject of measurement is extremely small. The coumarin derivative 
formed is sufficiently dissolved in solution without causing precipitation. This also allows the method according to this 
invention to be highly reproducible and also highly sensitive. 

According to the method of this invention, it becomes possible to determine the activity of p-galactosidase by using 
the enzyme substrate of this invention the BLOCK of which is D-galactosidase. In this case, because the method 
according to this invention determines the enzyme activity through the detection of fluorescence of the coumarin deriv- 
ative, effects of pH of the enzyme reaction solution are extremely small; therefore, the method has proved to be highly 
reproducible and also highly sensitive. Moreover, because the method relies on fluorescence measurement, the requi- 
site concentration of the coumarin derivative which is the product of the enzyme reaction and the subject of measure- 
ment is extremely small. The coumarin derivative formed is sufficiently dissolved in solution without causing 
precipitation. This also allows the method according to this invention to be highly reproducible and also highly sensitive. 

According to the method of this invention, it becomes possible to determine the activity of esterase by using the 
enzyme substrate of this invention the BLOCK of which is acetyl (CH 3 CO). In this case, because the method according 
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to this invention determines the enzyme activity through the detection of fluorescence of the coumarin derivative, effects 
of pH of the enzyme reaction solution are extremely small; therefore, the method has proved to be highly reproducible 
and also highly sensitive. Moreover, because the method relies on fluorescence measurement, the requisite concentra- 
tion of the coumarin derivative which is the product of the enzyme reaction and the subject of measurement is extremely 
small. The coumarin derivative formed is sufficiently dissolved in solution without causing precipitation. This also allows 
the method according to this invention to be highly reproducible and also highly sensitive. 

According to the method of this invention, it becomes possible to determine the activity of sulfatase by using the 
enzyme substrate of this invention the BLOCK of which is a sulfuric acid group or a sulfuric acid ester group. In this 
case, because the method according to this invention determines the enzyme activity through the detection of fluores- 
cence of the coumarin derivative, effects of pH of the enzyme reaction solution are extremely small; therefore, the 
method has proved to be highly reproducible and also highly sensitive. Moreover, because the method relies on fluo- 
rescence measurement, the requisite concentration of the coumarin derivative which is the product of the enzyme reac- 
tion and the subject of measurement is extremely small. The coumarin derivative formed is sufficiently dissolved in 
solution without causing precipitation. This also allows the method according to this invention to be highly reproducible 
and also highly sensitive. 

EXAMPLES 

This invention will be hereinbelow concretely illustrated by way of examples; however, it is not to be limited to the 
following examples insofar as it does not depart from its essence. 

Synthesis of (E)3-(2-hydroxy-1-naphtyl)-2-pronenoic acid ethyl ester 

2- Hydroxy-1-naphtylaldehyde (29.27 g, 0.17 mol; Tokyo Kasei Ind. Co. Ltd.) and carboxymethylidene-triphenyl- 
phosphorane (60 g, 0.17 mol; Aldrich Inc.) were stirred in 360 ml of benzene at 0 °C for 18 h under a nitrogen atmos- 
phere and the reaction was allowed to be complete, during which period the reaction was conducted in a dark room. 
Then, the solvent was removed in vacuo, and the resulting crude product was chromatographed on a silica gel column 
(hexane/ethyl acetate 2:1 as a developing solvent) to remove triphenylphosphine oxide therein, affording 40.7 g of prod- 
uct. To further purify the product, benzocoumarin derivatives and others were removed using an aminopropionate silica 
gel column (hexane/ethyl acetate 2:1 as a developing solvent) and 3-(2-hydroxy-1-naphtyl)-2-propenic acid ethyl ester 
remaining on the column was eluted with the developing solvent (chloroform/methanol 10:1) to give 33.8 g of the 
desired product in 82% yield. 

Structural identification of the obtained 3-(2-hydroxy-1-naphtyl)-2-propenic acid ethyl ester was conducted by 1 H- 
NMR and IR spectra, and its molecular weight was confirmed by TOF-MS (MALDI-IV, 256.1 (M/C); Shimadzu Mfg. Co. 
Ltd). 

1 H-NMR Data (deuteriochloroform, 8 ppm); 8.35 (d, 1 H, 3-proton of the propenic acid), 8.04 (d, 1 H, 5-, or 8-proton 
of the naphthalene ring), 7.77 (d, 1H, 5-, 8- or 4-proton of the naphthalene ring), 7.75 (d, 1H, 5-, 8- or 4-proton of the 
naphthalene ring), 7.52 (dd, 1 H, 6- or 7-proton of the naphthalene ring), 7.37 (d, 1 H, 6- or 7-proton of the naphthalene 
ring), 7.16 (d, 1 H, 3-proton of the naphthalene ring), 6.81 (d, 1 H, 2-proton of the propenic acid), 4.35 (q, 2H, methylene 
protons of the ethyl), 1.40 (t, 3H, methyl protons of the ethyl). IR Data; 1670 cm" 1 (ethyl ester). 

Synthesis of 2-[1-(2-carboxyethenyl)]naphtylphosphate 

3- (2-Hydroxy-1-naphtyl)2-propenic acid ethyl ester(10.0 g) was dissolved in 100 ml of benzene. After ice-cooling, 
4.0 g of pyridine was added and 7.7 g of phosphorus oxychloride was further added dropwise over 30 min at about 5 
°C under a nitrogen atmosphere, and then, it was allowed to react for about 18 h. The pyridine salt precipitated after- 
ward was filtered off, and the solvent was removed in vacuo to give the crude product as a brown tar substance. Further, 
50 ml of water was added to decompose the excess phosphorus oxycloride. Subsequently, 100 ml of 2N aqueous 
sodium hydroxide solution was added and allowed to react at 40 °C for 1 h. After hydrolysis, 6N hydrochloric acid was 
further added to adjust the pH to 1 and ice-cooled. Crystals thus precipitated were collected with a glass filter. The 
resulting crystals were washed with cooled water several times. The obtained crystals were hygroscopic and thus, were 
converted to the sodium salt as described below. 

Synthesis of trisodium 2-M-(2-carboxvlatoethenvM naohtvlphosphite 

After 2-[1-(2-carboxyethenyl)]naphtylphosphate as obtained above was dissolved in water in turbidity, one equiva- 
lent of 1N sodium hydroxide was added, the resulting aqueous solution was lyophilized to remove water, and 9.2 g of 
the desired product was obtained as a trisodium salt in 76% yield. 
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The structural identification was conducted by n H-NMR and IR spectra, and the molecular weight was confirmed 
by TOF-MS (MALDI-IV, 256.1 (M/C); Shimadzu Mfg. Co. Ltd). 

1 H-NMR Data (deuteriosulfoxide, 5 ppm); 8.21 (d, 1 H, 1 -proton of the ethenyl ), 8.04 (d, 1 H, 3-, 4-, 5-, or 8-proton 
of the naphthalene ring), 7.83 (d, 2H, 3-, 4-, 5-or 8-proton of the naphthalene ring), 7.54 (dd, 1H, 6- or 7-proton of the 
naphthalene ring), 7.37 (dd, 1 H, 6- or 7-proton of the naphthalene ring), 7.26 (d, 1 H, 3-, 4-, 5-, or 8-proton of the naph- 
thalene ring), 6.79 (d, 1 H, 2-proton of the ethenyl). IR Data; 1115, 980 cm" 1 (-OP0 3 2 " group), 1639, 1562, 1369 cm" 1 
(carboxylate). 

Synthesis of (E)-3-(2-tetracetyl-p-D-galactopyranosyloxy-1-naphtyl)-2-propenic acid ethyl 

(E)-3-(2-Hydroxy-1 -naphtyl)-propenic acid ethyl ester was dissolved in 20.0 ml of dimethylformamide under a nitro- 
gen atmosphere. To this was added 840 mg of sodium hydride (about 60% dispersion in paraffin) and it was stirred at 
room temperature for 2 h. After cooling to 0 °C, 5.0 g of tetracetyl-a-D-galactopyranosyl bromide (Sigma Inc.) dissolved 
in dimethylformamide (10.0 mg) was added, and it was allowed to react under stirring for 1 h. Then, dimethylformamide 
was removed and ethyl acetate (200 ml) was added to the residue. The ethyl acetate layer was washed with water, and 
saturated brine, successively. To this was added anhydrous sodium sulfate and allowed to stand overnight to effect dry- 
ing. Subsequently, the solvent was removed in vacuo to give a brown oily substance which was purified by silica gel 
chromatography (ethyl acetate/hexane 2:1 to 1 :1 as a developing solvent) to give 5.75 g of the desired product. 

1 H-NMR (deuteriochloroform, 5 ppm); 8.12 (d, 1H, 3-proton of the propenic acid), 8.12 (d, 1H, 5-, or 8-proton of the 
naphthalene ring), 7.83 (d, 2H, 4-proton of the naphthalene ring and 5- or 8-proton of the naphthalene ring), 7.54 (dd, 
1 H, 6- or 7-proton of the naphthalene ring), 7.39 (d, 1 H, 4-proton of the naphthalene ring), 6.52 (d, 1 H, 2-proton of the 
propenic acid), 5.62 (dd, 1H, 2-proton of the galactopyranoside), 5.49 (d, 1H, 4-proton of the galactopyranoside), 5.13- 
5.09 (dd, 2H, 1- and 3-protons of the galactopyranoside), 4.36 (q, 2H, methylene protons of the ethyl), 4.31-4.09 (m, 
3H, 5- and 6-protons of the galactopyranoside), 2.22 (s, 3H, methyl protons of an acetyl), 2.09 (s, 3H, methyl protons of 
an acetyl), 2.04 (s, 3H, methyl protons of an acetyl), 2.02 (s, 3H, methyl protons of an acetyl), 1 .40 (t, 3H, methyl protons 
of the ethyl). 

Synthesis of (E)-3-(2-p-D-galactopyranosyloxy-1-naphtyl)-2-propenic acid ester 

(E)-3-(2-Tetracetyl-p-D-galactopyranosyloxy-1-naphtyl)-2-propenic acid ethyl ester was dissolved in 100 ml of 
methanol. To this was added 10 ml of 28% sodium methoxide-methanol solution (Wako Chemicals Co. Ltd.) and it was 
stirred at room temperature for 4 h. Further, 2N sodium hydroxide aqueous solution (50 ml) was added and it was 
allowed to react at 60 °C for 2 h. The white crystals precipitated were filtered off and washed with water to give 3.6 g of 
the desired product in about 80% yield. 

1 H-NMR (deuteriosulfoxide, 8 ppm); 8.18 (d, 1 H, 3-proton of the propenic acid), 8.12 (d, 1 H, 5-, or 8-proton of the 
naphthalene ring), 7.96 (d, 1H, 4-, 5-, or 8-proton of the naphthalene ring), 7.91 (d, 1H, 4-, 5-, or 8-proton of the naph- 
thalene ring), 7.58 (dd, 1 H, 6- or 7-proton of the naphthalene ring), 7.54 (d, 1 H, 3-proton of the naphthalene ring), 7.44 
(d, 1H, 6- or 7-proton of the naphthalene ring), 6.75 (d, 1H, 2-proton of the propenic acid), 5.13 (d, 1H, 1-proton of the 
galactopyranoside), 3.76-3.59 (m, 5H, 2-, 4-, 5-, and 6-protons of the galactopyranoside), 3.49(dd, 1H, 3-proton of the 
galactopyranoside) . 

Synthesis of (E)-3-(2-p-D-galactopyranosyloxy-1-naphtyl)-2-propenic acid ethyl ester 

(E)-3-(2,(3-D-Galactopyranosyloxy-1 -naphtyl)-2-propenic acid ethyl ester was dissolved in 1 00 ml of ethanol. To this 
was added 1 6.35 g of 20% sodium ethoxide-ethanol solution at room temperature and it was allowed to react under stir- 
ring overnight. The completion of reaction was confirmed by thin layer silica gel chromatography. Acidic ion exchange 
resin (Amberlist 15E) was slowly added to the reaction solution which was made neutral. After the ion exchange resin 
was filtered off, the filtrate was concentrated to about half the volume. The crystals precipitated were filtered off to give 
1 .93 g of the desired product in 60% yield 

1 H-NMR (deuteriodimethylsulfoxide, 8 ppm); 8.25 (d, 1H, 3-proton of the propenic acid), 8.12 (d, 1H, naphthalene 
ring proton), 7.93 (d, 1H, naphthalene ring proton), 7.60 (dd, 1H, naphthalene ring proton), 7.56 (d, 1H, naphthalene 
ring proton), 7.45 (dd, 1H, naphthalene ring proton), 6.83 (d, 1H, 2-proton of the propenic acid), 5.19-5.15 (m, 2H, 1- 
and 5-protons of the galactopyranoside), 4.68-4.62 (m, 2H, galactopyranoside protons), 4.25 (q, 2H, methylene protons 
of the ethyl), 3.75-3.66 (m, 3H, 3-protons of the galactopyranoside), 1 .31 (t, 3H, methyl protons of the ethyl). 

Synthesis of (E)-3-(2-acetoxy-1-naphtyl)-2-propenic acid ethyl ester 

(E)-3-(2-Hydroxy-1-naphtyl)-2-propenic acid ethyl ester (1.00 g, 4.13 mmol) was dissolved in 5 ml of dry pyridine. 
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To this was added 0.8 ml (8.26 mmol) of anhydrous acetic acid and it was allowed to react at room temperature for 24 
h. After water was added to the reaction system, diethyl ether was added and the diethyl ether layer was separated, 
which was washed with water several times. To this was added anhydrous sodium sulfate and it was dried and allowed 
to stand overnight. Subsequently, the solvent was removed in vacuo to give a crude product. This was recrystallized 
from ethanol to give 1 .15 g of the desired product in 97.8% yield. 

1 H-NMR (deuteriochloroform, 8 ppm); 8.10 (d, 1H, 5-, or 8-proton of the naphthalene ring), 8.09 (d, 1H, 3-proton of 
the propenic acid), 7.86 (d, 2H, 4-proton of the naphthalene ring and 5-or 8-proton of the naphthalene ring), 7.57 (dd, 
1 H, 6- or 7-proton of the naphthalene ring), 7.53 (dd, 1 H, 6- or 7-proton of the naphthalene ring), 7.23 (d, 1 H, 3-proton 
of the naphthalene ring), 6.45 (d, 1 H, 2-proton of the propenic acid), 4.32 (q, 2H, methylene protons of the ethyl), 2.36 
(s, 3H, methyl protons of the acetyl), 1 .37 (s, 3H, methyl protons of the ethyl). 

Synthesis of 3-(4-diethylamino-2-hydroxyphenyl)-2-propenic acid ethyl ester 

4-Diethylaminosalicylaldehyde (25.0 g, 129 mmol; Tokyo Kasei Ind. Co. Ltd.) and carboxymethylidene-triphenyl- 
phosphorane (49.0 g, 140 mmol; Aldrich Inc.) were stirred in 300 ml of anhydrous benzene at room temperature over- 
night under a nitrogen atmosphere and the reaction was allowed to complete, during which period the reaction was 
conducted in a dark room. Then, the solvent was removed in vacuo, and the resulting crude product was crudely puri- 
fied by silica gel column chromatography (hexane/ethyl acetate 1 :1 as a developing solvent) to give a mixture of cis- and 
trans-isomers. Further, this mixture was purified by column chromatography using aminopropyl-modif ied silica gel (300 
g of NHDM-1020 silica gel available from Fuji Silicia Chemicals Co. Ltd; n-hexane/ethyl acetate 2:1 which elutes only 
the cis-isomer and chloroform/methanol 4:1 which elutes only the trans-isomer) to give 23.7 g of the desired product in 
70% yield. 

The structure of the obtained 3-(4-diethylamino-2-hydroxyphenyl)-2-propenic acid ethyl ester was confirmed by 1 H- 
NMR. 

1 H-NMR (deuteriochloroform, 8 ppm); 7.91 (d, 1 H, 3-proton of the propenic acid), 7.31 (d, 1 H, 5-, or 6-proton of the 
benzene ring), 6.35 (d, 1 H, 2-proton of the propenic acid), 6.25 (d, 1 H, 5-, or 6-proton of the benzene ring), 6.06 (s, 1 H, 
3-proton of the benzene ring), 4.25 (q, 2H, methylene protons of the ethyl ester group), 3.35 (q, 4H, methylene protons 
of the diethylamino), 4.65 (s, 1 H, proton of the phenolic hydroxyl), 1 .33 (t, 3H, methyl protons of the ethyl ester group), 
1.17 (t, 6H, methyl protons of the diethylamino). 

Synthesis of 2-[1 -(2-carboxyethenyl)]5-diethylamino-phenylphosphite 

3-(4-Diethylamino-2-hydroxyphenyl)-2-propenicacid ethyl (13 g, 40.9 mmol) and benzene (200 ml) were ice-cooled 
in a reactor, to which was dropwise added 9.0 g (59 mmol) of phosphorus oxychloride (Wako Pure Chemicals Co. Ltd.) 
over about 30 min. The reaction was completed by stirring overnight. The completion of reaction was confirmed by thin 
layer chromatography. A small amount of water was added to the reaction solution to treat the excessive phosphorus 
oxychloride and the majority of the benzene solvent was removed in vacuo. Then, the remaining aqueous solution was 
neutralized (pH 8) with methanol (50 ml) and 6N sodium hydroxide aqueous solution, and further, the aqueous solution 
was washed with ethyl acetate several times. Subsequently, the solvent was removed in vacuo to give a solid residue. 
The resulting residue was extracted with chloroform and chloroform was removed to give a residue, to which 200 ml of 
water was added to dissolve. Insoluble materials were removed by filtration and the resulting aqueous solution was 
lyophilized to give 12.9 g of the desired product in a quantitative yield. 

The structure of the obtained 2-[1-(2-carboxy-ethenyl)]5-diethylaminophenylphosphite was confirmed by 1 H-NMR. 

1 H-NMR (deuteriowater, 8 ppm); 8.00 (d, 1H, 1 -proton of the ethenyl), 7.53 (d, 1H, 3-, or 4-proton of the benzene 
ring), 6.90 (d, 1H, 6-proton of the benzene ring), 6.56 (d, 1H, 3-, or 4-proton of the benzene ring), 6.36 (d, 1H, 2-proton 
of the ethenyl), 4.24 (q, 4H, methylene protons of the diethylamino), 1 .31 (t, 6H, methyl protons of the diethylamino). 

Synthesis of 3-(2-acetoxy-4-diethylaminophenyl)-2-propenic acid ethyl ester 

3 -(4- Diethyl ami nophenyl) -2 -propenic acid ethyl ester (1 g, 3.80 mmol) was dissolved in 5 ml of pyridine. To this was 
added 0.8 ml of anhydrous acetic acid and it was allowed to react at room temperature for 24 h. After the solvent was 
removed in vacuo, purification was carried out by silica gel column chromatography (toluene/ethyl acetate 93:7 as a 
developing solvent) to give 1 .2 g of the desired product in a quantitative yield. 

The structure of the obtained 3-(2-acetoxy-4-diethylaminophenyl)-2-propenic acid ethyl ester was confirmed by 1 H- 
NMR , and its molecular weight was further confirmed by TOF-MS (MALDI-IV, 305(M/C); Shimadzu Mfg. Co. Ltd). 

1 H-NMR (deuteriochloroform, 8 ppm); 7.63 (d, 1H, 3-proton of the propenic acid group), 7.48 (d, 1H, 5'-, or 6'-proton 
of the benzene ring), 6.52 (d, 1 H, 5'- or 6'-proton of the benzene ring), 6.28 (s, 1 H, 3'-proton of the benzene ring), 6.20 
(d, 1 H, 2-proton of the propenic acid group), 4.22 (q, 2H, methylene protons of the ethyl ester group), 3.36 (q, 4H, meth- 
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ylene protons of the diethylamino group), 2.37 (s, 3H, methyl protons of the acetoxy group), 1.31 (t, 3H, methyl protons 
of the ethyl ester group), 1.18 (t, 6H, methyl protons of the diethylamino). 

Synthesis of 3-(4.6-dimethoxy-2-hydroxyphenyl)-2-methyl -2-propenic acid ethyl ester 

4,6-Dimethoxysalicylaldehyde (30.0 g, 165 mmol; Aldrich Inc.) and carboxyethylidene-triphosphorane (60.0 g, 166 
mmol; Aldrich Inc.) were stirred in 300 ml of anhydrous benzene at room temperature overnight under a nitrogen atmos- 
phere and the reaction was allowed to complete, during which period the reaction was conducted in a dark room. Then, 
the benzene solvent was removed in vacuo to give a crudely purified product. The resulting crude product was crudely 
purified by silica gel column chromatography (hexane/ethyl acetate 1:1 as a developing solvent) to give a mixture of cis- 
and trans-isomers. The thus obtained mixture was purified by column chromatography using aminopropyl-modif ied sil- 
ica gel (300 g of NHDM-1020 silica gel available from Fuji Silicia Chemicals Co. Ltd; n -hexane/ethyl acetate 2:1 which 
elutes only the cis-isomer and chloroform/methanol 4:1 which elutes only the trans-isomer) to give 35.4 g of the desired 
product in 81% yield. 

The structure of the obtained 3-(4,6-dimethoxy-2-hydroxyphenyl)-2-methyl-2-propenic acid ethyl was confirmed by 
1 H-NMR. 

1 H-NMR (deuteriochloroform, 8 ppm); 7.54 (d, 1H, 3-proton of the propenic acid), 6.17 (s, 1H, 3'-, or 5'-proton of 
the benzene ring), 6.06 (s, 1 H, 3'- or 5'-proton of the benzene ring), 4.23 (q, 2H, methylene protons of the ethyl ester 
group), 3.76 (s, 3H, methyl protons of a methoxy), 3.75 (s, 3H, methyl protons of a methoxy), 1 .85 (s, 3H, methyl protons 
at the 2-position of the propenic acid), 1 .32 (t, 3H, methyl protons of the ethyl ester group). 

Synthesis of 3-(2-acetoxy-4, 6-dimethoxyphenyl) -2 -methyl -2-propenic acid ethyl ester 

3-(4,6-Dimethoxyphenyl)-2-methyl-2-propenic acid ethyl ester (1 g, 3.76 mmol) was dissolved in 5ml of pyridine. To 
this was added 0.8 ml of anhydrous acetic acid and it was allowed to react at room temperature for 24 h. After the sol- 
vent was removed in vacuo, purification was carried out by silica gel column chromatography (toluene/ethyl acetate 
93:7 as a developing solvent) to give 1 .2 g of the desired product in a quantitative yield. 

The structure of the obtained 3-(2-acetoxy-4, 6-dimethoxyphenyl)-2-methyl-propenic acid ethyl was confirmed by 
1 H-NMR. 

1 H-NMR (deuteriochloroform, 8 ppm); 7.34 (s, 1H, 3-proton of the propenic acid), 6.38 (s, 1H, 3'- or 5'-proton of the 
benzene ring), 6.28 (s, 1 H, 3'- or 5'-proton of the benzene ring), 4.24 (q, 2H, methylene protons of the ethyl ester group), 
3.79 (s, 6H, methyl protons of the methoxy groups), 2.20 (s, 3H, methyl protons of the acetoxy), 1 .79 (s, 3H, methyl pro- 
tons at the 2-position of the propenic acid), 1.32 (t, 3H, methyl protons of the ethyl ester group). 

Photoequilibrium Experiment 1 

Employing trisodium=(E) 2-[1-(2-carboxyethenyl)]-naphtylphosphite that is a substrate for phosphatase according 
to this invention, photoisomerization of the trans-isomer to the cis-isomer by irradiation in the substrate solution for alka- 
line phosphatase was determined under the HPLC conditions as described below. 

A solution of trisodium=(E) 2-[1-(2-carboxyethenyl)] naphtylphosphite (0.3 mmol/l) in 0.1 mol/l glycine-NaOH buffer 
(pH 9.5) was irradiated with UV light at 365 nm in various intensities and this was separated by high performance liquid 
chromatography for quantitation. 

Column: TSK-gel ODS-80Ts 4.6 mm0x7.5 mm (Toso Co. Ltd.) 

Mobile phase: 7.5 mmol/l acetonitrile containing tetra-n-butylammonium dihydrogenphosphate/water 5:95 
Retention time (mobile phase solvent 1 ml/min): trans-isomer (7.9 min) and cis-isomer (7.3 min) 

As Fig. 1 shows, the ratio of the cis-isomer increased in proportion to the intensities of the irradiated light, and the 
ratio of cis-isomer to trans-isomer in terms of a molar ratio reached 1 :4 under the equilibrium conditions. 

A similar experiment was conducted on a composition of substrate solution for the measurement of the activity of 
acidic phosphatase (90 mmol/l citric acid-sodium citrate buffer (pH 4.8)). In this case, the ratio of cis-isomer to trans- 
isomer in terms of a molar ratio reached 1 :6.7 (not shown in the figure). 

Photoequilibrium Experiment 2 

Employing (E) 3-[2-p-D-galactopyranosyloxy-1-naphtyl)-2-propenic acid that is a substrate for galactosidase 
according to this invention, photoisomerization between the trans-isomer and the cis-isomer was determined under the 
conditions as described below. 
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An aqueous solution of (E) 3-[2-,p-D-galactopyranosyloxy-1-naphtyl)-2-propenic acid (0.3 mmol/l) containing 2% 
dimethylformamide was irradiated with UV light at 365 nm in various intensities and this was separated by high perform- 
ance liquid chromatography for quantitation. 

Column: TSK-gel ODS-80Ts 4.6 mm0x7.5 mm (Toso Co. Ltd.) 
Mobile phase: acetonitrile containing 2% acetic acid/water 15:85 

Retention time (mobile phase solvent 1 ml/min): trans-isomer (6.9min) and cis-isomer (5.1 min) 

As Fig. 2 shows, the ratio of the cis-isomer increased in proportion to the intensities of the irradiated light, and the 
ratio of cis-isomer to trans-isomer in terms of a molar ratio reached 1 :4 under the equilibrium conditions. 

Measurement (1) of Alkaline Phosphatase Activity 

Employing trisodium=2-[1-(2-carboxylatoethenyl)] naphtylphosphite, the enzyme activity was measured. The irra- 
diation conditions and enzyme reaction conditions are as follows: 

Enzyme diluent buffer: 0.1 mol/l glycine-NaOH buffer (containing 1 mmol/l MgCI 2 , 0.1 mmol/l ZnCI 2 , and 0.25 g/l 
egg albumin; pH 9.5) 

Enzyme preparation: Alkaline phosphatase derived from calf small intestine (3.3 mg/ml, 2300 units/mg; Sigma Inc.) 
is diluted 1000-fold with the enzyme diluent as described above. 

Substrate preparation: 0.1 mol/l glycine-NaOH buffer (pH 9.5) containing 0.4 mmol/l (0.14 g/l) sodium=2-[1-(2-car- 
boxylatoethenyl)]naphtylphosphate 

Measurement Operations. The enzyme diluent buffer (1.95 ml) and the substrate preparation (1 ml) are charged 
into a 1 0x1 0 (mm) fluorescence cell and the cell is set in a fluorescence detector (under stirring with maintaining 30 °C). 
The enzyme diluent (0.05 ml) is added and the reaction is allowed to initiate under a room fluorescent lamp. The fluo- 
rescence intensity is measured at an excitation wavelength of 350 nm and a recording wavelength of 425 nm to detect 
the coumarin derivative formed. 

Fig. 3 shows the time-dependence of fluorescence intensity as measured at 425 nm with an excitation wavelength 
of 350 nm in the presence of alkaline phosphatase where the solution containing only the substrate according to this 
invention was used as a control. 

Measurement (2) of Alkaline Phosphatase Activity 

Employing trisodium=[E] 2-[1-(2-carboxylatoethenyl)] naphtylphosphite, the enzyme activity was measured (nonir- 
radiation conditions). The enzyme reaction conditions are as follows: 

Enzyme diluent buffer: 0.1 mol/l glycine-NaOH buffer (containing 1 mmol/l MgCI 2 , 0.1 mmol/l ZnCI 2 , and 0.25 g/l 
egg albumin; pH 9.5) 

Diluted enzyme preparation: Alkaline phosphatase derived from calf small intestine (3.3 mg/ml, 2300 units/mg; 
Sigma Inc.) is diluted 1000-fold with the enzyme diluent as described above. 

Substrate preparation: 0.1 mol/l glycine-NaOH buffer (pH 9.5) containing trisodium=2-[1 -(2-carboxylato ethe- 
nyl)]naphtylphosphate 

Quenching solution: 50 mmol/l citric acid-sodium citrate buffer (pH 4.0) 

Measurement Operations. The diluted enzyme preparation (100 nl) was allowed to stand at 30 °C for 5 min in a 
dark room, and to this was added 50 \i\ of the substrate preparation to initiate the enzyme reaction. The reaction was 
allowed to continue at 30 °C for 3 h. The quenching solution (2.5 ml) was added to terminate the enzyme reaction. The 
fluorescence intensity was then measured at an excitation wavelength of 350 nm and a recording wavelength of 425 
nm by irradiation with UV light at 365 nm in 100 mJ. Fig. 4 shows a fluorescence spectrum at an excitation wavelength 
of 350 nm. The results in the absence of the enzyme are also shown together as a control. 

Measurement (3) of Alkaline Phosphatase Activity 

Moreover, the measurement of Km value for a substrate according to this invention against alkaline phosphatase 
was performed. The irradiation conditions and enzyme reaction conditions are as follows: 

Enzyme diluent buffer: 0.1 mol/l glycine-NaOH buffer (containing 1 mmol/l MgCI 2 and 0.25 g bovine blood albumin; 
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pH 9.5) 

Enzyme preparation: Alkaline phosphatase derived from calf small intestine (3.3 mg/ml, 2300 units/mg; Sigma Inc.) 
is diluted 50-fold with the enzyme diluent as described above. 

Substrate preparation: Glycine-NaOH buffer (0.1 mol/l, pH 9.5) containing five kinds of concentrations (0.3 mmol/l, 
0.15 mmol/l, 0.12 mmol/l, 0.06 mmol/l, and 0.03 mmol/l) of sodium=2-[1-(2-carboxylatoethenyl)]naphtylphosphate 
is prepared. 

Measurement Operations. The enzyme diluent buffer (1.95 ml) and the substrate preparation (1 ml) were charged 
into a 10x10 (mm) fluorescence cell and the temperature was maintained at 30 °C. To this was added 0.05 ml of the 
enzyme diluent and it was allowed to react, while being stirred, for 30 min under a room fluorescent lamp. The fluores- 
cence intensity was measured at an excitation wavelength of 350 nm and a recording wavelength of 425 nm. 

Based on the results of measurements at the respective substrate concentrations thus obtained, the Km value was 
computed by making a Lineweaver-Burk plot, which resulted in 0.14 mM. 

Measurement (4) of Alkaline Phosphatase Activity 

Employing [E] 2-[1-(2-carboxylatoethenyl)]5-diethyl aminophenylphosphite, the enzyme activity was measured 
(nonirradiation conditions). The enzyme reaction conditions are as follows: 

Enzyme diluent buffer: 0.1 mol/l glycine-NaOH buffer (containing 1 mmol/l MgCI 2 , 0.1 mmol/l ZnCI 2 , and 0.25 g/l 
egg albumin; pH 9.5) 

Diluted enzyme preparation: Alkaline phosphatase derived from calf small intestine (3.3 mg/ml, 2300 units/mg; 
Sigma Inc.) is diluted 1000-fold with the enzyme diluent as described above. 

Substrate preparation: 0.1 mol/l glycine-NaOH buffer (pH 9.5) containing (E)2-[1-(2-carboxylatoethenyl)] 5-diethyl- 
aminophenylphosphate 

Quenching solution: 50 mmol/l citric acid-sodium citrate buffer (pH 4.0) 

Measurement Operations. The diluted enzyme preparation (100 nl) was allowed to stand at 30 °C for 5 min in a 
dark room, and to this was added 50 jil of the substrate preparation to initiate the enzyme reaction. The reaction was 
allowed to continue at 30 °C for 3 h. The quenching solution (2.5 ml) was added to terminate the enzyme reaction. The 
fluorescence intensity was then measured at an excitation wavelength of 360 nm and a recording wavelength of 460 
nm by irradiation with UV light at 365 nm in 100 mJ. Fig. 4 shows a fluorescence spectrum illustrative of the results 
obtained. The results in the absence of the enzyme are also shown together as a control. 

Measurement (1) of Acidic Phosphatase Activity 

Employing trisodium=(E) 2-[1-(2-carboxylatoethenyl)]naphtylphosphite as a substrate, the measurement and com- 
putation of Km value for acidic phosphatase was performed. The irradiation conditions and enzyme reaction conditions 
are as follows: 

Enzyme diluent buffer: 90 mmol/l citric acid buffer (pH 4.8) 

Enzyme preparation: Acidic phosphatase derived from human prostate (0.5 mg, 23 units/mg; Sigma Inc.) is diluted 
to 1 ml with the enzyme diluent buffer as described above. 

Substrate preparation: Citric acid buffer (90 mmol/l, pH 4.8) containing eight kinds of concentrations (1.0 mmol/l, 
0.8 mmol/l, 0.6 mmol/l, 0.4 mmol/l, 0.2 mmol/l 0.1 mmol/l, 0.08 mmol/l, and 0.06 mmol/l) of sodium=2-[1 -(2-carbox- 
ylatoethenyl)]-naphtylphosphate is prepared. 

Measurement Operations. The enzyme diluent buffer (1 ml) and the substrate preparation (1 ml) are charged into 
a 1 0x1 0 (mm) fluorescence cell and the temperature is maintained at 37 °C. To this is added 0. 1 ml of the enzyme dilu- 
ent and it is allowed to react for 30 min. After irradiation with light at 365 nm (500 mJ/cm 2 ), the fluorescence intensity 
was measured at an excitation wavelength of 350 nm and a recording wavelength of 425 nm. 

Based on the results of measurements at the respective substrate concentrations thus obtained, the Km value was 
computed by making a Lineweaver-Burk plot, which resulted in 0.23 mM. 

Fig. 5 shows the fluorescence spectrum obtained as a result of the reaction between acidic phosphatase and the 
substrate, where the fluorescence due to a coumarin skeleton in the presence of the enzyme was observed. Further- 
more, Fig. 6 shows the time-dependence of fluorescence intensity as measured at 425 nm with an excitation wave- 
length of 350 nm in the presence of acidic phosphatase, where the solution containing only the substrate according to 
this invention was used as a control. 
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Measurement (2) of Acidic Phosphatase Activity 

Employing trisodium=2-[1-(2-carboxylatoethenyl)] naphtylphosphite (a mixture of E- and Z-isomers under irradia- 
tion conditions) as a substrate, the measurement and computation of Km value for acidic phosphatase was performed. 
The irradiatin conditions and enzyme reaction conditions are as follows: 

Enzyme diluent buffer: 90 mmol/l citric acid buffer (pH 4.8) 

Enzyme preparation: Acidic phosphatase derived from human prostate (0.5 mg, 23 units/mg; Sigma Inc.) is diluted 
to 1 ml with the enzyme diluent as described above. 

Substrate preparation: Citric acid buffer (90 mmol/l, pH 4.8) containing eight kinds of concentrations (1.0 mmol/l, 
0.8 mmol/l, 0.6 mmol/l, 0.4 mmol/l, 0.2 mmol/l 0.1 mmol/l, 0.08 mmol/l, and 0.06 mmol/l) of sodium=2-[1 -(2-carbox- 
ylatoethenyl)]-naphtylphosphate is prepared. 

Measurement Operations. The enzyme diluent buffer (1 ml) and the substrate preparation (1 ml) are charged into 
a 1 0x1 0 (mm) fluorescence cell and the temperature is maintained at 37 °C. To this is added 0.1 ml of the enzyme prep- 
aration and it is allowed to react for 30 min. After irradiation with light at 365 nm (500 mJ/cm 2 ), the fluorescence intensity 
was measured at an excitation wavelength of 350 nm and a recording wavelength of 410 nm. 

Based on the results of measurements at the respective substrate concentrations thus obtained, the Km value was 
computed by making a Lineweaver-Burk plot, which resulted in 1 .5 mM. 

Measurement of Galactosidase Activity 

In the Case of (E)3-[2-p-D-Galactopyranosyloxy-1-naphtyl)-2-propenic Acid Ethyl as a Substrate. Employing the 
substrate thus obtained above according to this invention, the enzyme reaction was carried out. The irradiation condi- 
tions and enzyme reaction conditions are as follows: 

Enzyme diluent buffer: 10 mM phosphoric acid buffer (containing 0.1 mol/l NaCI, 1 mmol/l MgCI 2 , and 0.03 g bovine 
blood albumin; pH 7.0) 

Enzyme preparation: p-D-Galactosidase derived from E. coli (50 mg/ml, 410 units/mg; Sigma Inc.) is diluted 
1 00000-fold with the enzyme diluent buffer as described above. 

Substrate preparation: 1 mol/l (E)3-[2-p-D-galacto pyranosyloxy-1-naphtyl)-2-propenic acid ethyl aqueous solution 
containing 2% dimethylformamide 

Measurement Operations. The enzyme preparation (2 ml) is charged into a 10x10 (mm) fluorescence cell and the 
temperature is maintained at 30 °C. To this is added 1 ml of the substrate preparation and the reaction is allowed to ini- 
tiate. After irradiation with light at 365 nm (500 mJ/cm 2 ), the fluorescence intensity is measured at an excitation wave- 
length of 350 nm and a recording wavelength of 410 nm. 

Fig. 7 shows the fluorescence spectrum obtained as a result of the reaction between galactosidase and the sub- 
strate. The results in the absence of the enzyme are also shown together as a control. 

Moreover, the measurement and computation of Km value for p-D-galactosidase, which was the substrate accord- 
ing to this invention, was performed. The required irradiation conditions and enzyme reaction conditions are as follows: 

Enzyme diluent buffer: 10 mM phosphoric acid buffer (containing 0.1 mol/l NaCI, 1 mmol/l MgC^, and 0.03 g bovine 
blood albumin; pH 7.0) 

Enzyme preparation: p-Galactosidase derived from E. coli (50 mg/ml, 410 units/mg; Sigma Inc.) is diluted 100000- 
fold with the enzyme diluent buffer as described above. 

Substrate preparation: Eight kinds of concentrations (0.4 mmol/l, 0.2 mmol/l, 0.15 mmol/l, 0.10 mmol/l, 0.08 mmol/l, 
0.06 mmol/l, 0.05 mmol/l, 0.04 mmol, and 0.02 mmol/l) of (E) 3-[2-p-D-galactopyranosyloxy-1-naphtyl)-2-propenic 
acid ethyl aqueous solution containing 2% dimethylformamide is prepared. 

Measurement Operations. The enzyme diluent buffer (1 ml) and the substrate preparation (1 ml) are charged into 
a 1 0x1 0 (mm) fluorescence cell and the temperature is maintained at 37 °C. To this is added 0.1 ml of the enzyme prep- 
aration and it is allowed to react for 30 min. After irradiation with light at 365 nm (500 mJ/cm 2 ), the fluorescence intensity 
was measured at an excitation wavelength of 350 nm and a recording wavelength of 410 nm. 

Based on the results of measurements at the respective substrate concentrations thus obtained, the Km value was 
computed by making a Lineweaver-Burk plot, which resulted in 0.12 mM. 

Performing operations similar to those described above on (E)-3-[2-p-D-galactopyranosyloxy-1 -naphtyl)-2-propenic 
acid and (Z)-3-[2-p-D-galactopyranosyloxy-1-naphtyl)-2-propenic acid, respective Km values were also computed. 
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Here, for (E)-3-[2-p-D-galactopyranosyloxy-1-naphtyl)-2-propenic acid, Km was 0.07 mM, while Km was 0.53 mM for 
(Z)-3-[2-p-D-galactopyranosyloxy-1 -naphtyl)-2-propenic acid. 

Measurement (1) of Esterase Activity 

Employing 3(2-acetoxy-4-diethylaminophenyl)-2-propenic acid ethyl ester, the enzyme activity was measured. The 
irradiation and enzyme reaction conditions are as follows: 

Enzyme diluent buffer: 100 mM phosphoric acid buffer (pH 8.0) 

Enzyme preparation: Esterase derived from swine liver (210 units/mg; Sigma Inc.) is diluted to 10 mg/10 ml with 
the enzyme diluent buffer as described above. 

Substratepreparation: 0.1 mmol/l (E)-3-(2-acetoxy-4-diethylaminophenyl)-2-propenic acid ethyl ester solution in 
acetone 

Quenching solution: ethanol/water 1 :1 

Measurement Operations. The diluted enzyme (100 \i I) was allowed to stand in a dark room at 25 °C for 5 min, and 
to this was added 50 |J of the substrate preparation to initiate the enzyme reaction. The reaction was allowed to con- 
tinue at 25 °C for 15 min. The quenching solution (2.5 ml) was added to terminate the enzyme reaction. The fluores- 
cence intensity was then measured at an excitation wavelength of 360 nm and a recording wavelength of 460 nm by 
irradiation with UV light at 365 nm in 100 mJ. Fig. 8 shows the results obtained. The results in the absence of the 
enzyme are also shown together as a control. 

Measurement (2) of Esterase Activity 

Employing 3(2-acetoxy-4, 6-dimethoxyphenyl)-2-methyl - 2-propenoic acid ethyl ester, the enzyme activity was meas- 
ured. The irradiation and enzyme reaction conditions are as follows: 

Enzyme diluent buffer: 100 mM phosphoric acid buffer (pH 8.0) 

Enzyme preparation: Esterase derived from swine liver (210 units/mg; Sigma Inc.) is diluted to 10 mg/10 ml with 
the enzyme diluent buffer as described above. 

Substrate preparation: 0.1 mmol/l (E)3-(2-acetoxy-4,6-dimethoxylphenyl)-2-methyl-2-propenic acid ethyl ester 

solution in acetone 

Quenching solution: ethanol/water 1 :1 

Measurement Operations. The diluted enzyme (100 \i I) was allowed to stand in a dark room at 25 °C for 5 min, and 
to this was added 50 jnl of the substrate preparation to initiate the enzyme reaction. The reaction was allowed to con- 
tinue at 25 °C for 15 min. Subsequently, the quenching solution (2.5 ml) was added to terminate the enzyme reaction. 
The fluorescence intensity was then measured at an excitation wavelength of 325 nm and a recording wavelength of 
430 nm after irradiation with UV light at 365 nm in 1 00 mJ. Fig. 9 shows the results obtained. The results in the absence 
of the enzyme are also shown together as a control. 

Measurement (3) of Esterase Activity 

Employing 3(2-acetoxy-1-naphtyl)-2-propenic acid ethyl ester, the enzyme activity was measured. The irradiation 
and enzyme reaction conditions are as follows: 

Enzyme diluent buffer: 100 mM phosphoric acid buffer (pH 8.0) 

Enzyme preparation: Esterase derived from swine liver (210 units/mg; Sigma Inc.) is diluted to 10 mg/10 ml with 
the enzyme diluent buffer as described above. 

Substrate preparation: 0.1 mmol/l 3-(2-acetoxy-1-naphtyl)-2-propenic acid ethyl ester solution in acetone 
Quenching solution: ethanol/water 1 :1 

Measurement Operations. The diluted enzyme (100 \i I) was allowed to stand in a dark room at 25 °C for 5 min, and 
to this was added 50 \i\ of the substrate preparation to initiate the enzyme reaction. The reaction was allowed to con- 
tinue at 25 °C for 15 min. Subsequently, the quenching solution (2.5 ml) was added to terminate the enzyme reaction. 
The fluorescence intensity was then measured at an excitation wavelength of 325 nm and a recording wavelength of 
425 nm after irradiation with UV light at 365 nm in 100 mJ. Fig. 10 shows the results obtained. The results in the 
absence of the enzyme are also shown together as a control. 
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INDUSTRIAL APPLICABILITY 

The enzyme substrate according to this invention has within its molecule both a group to be cleaved by an enzyme 
reaction and a group that forms a strongly fluorescent coumarin derivative through intramolecular lactonization when 
cleaved by the enzyme reaction. Accordingly, when the enzyme reaction is conducted using such enzyme substrate, 
the coumarin derivative having no phenolic hydroxyl forms in the reaction solution as the enzyme reaction progresses. 
This allows the determination of enzyme activities without inhibiting the enzyme reaction through the consistent meas- 
urement of fluorescence of the coumarin derivative for a prolonged period. Thus, this invention has come to being appli- 
cable in enzyme immunoassays with high sensitivity. 

Claims 

1 . An enzyme substrate represented by the following formula: 

(BLOCK-0)-X cu 

wherein BLOCK is any one blocking group selected from the group consisting of: a monovalent blocking 
group derivable by removal of one hydroxyl from a phosphoric acid group, a sulfuric acid group, or a salt biologically 
exchangeable with the foregoing groups; a monovalent blocking group derivable by removal of a hydroxyl from an 
aliphatic carboxyl, an aromatic carboxyl, an amino acid carboxyl, or a peptide carboxyl; and a monovalent blocking 
group derivable by removal of any one hydroxyl from a monosaccharide or a polysaccharide, and said BLOCK is 
cleaved from said substrate by the action of a specified enzyme to yield a HO-X cu product, and further, said HO- 
X cu product intramolecularly forms a lactone ring to provide a coumarin derivative; 

wherein X cu has a structure represented by the following formula and is covalently bound to oxygen O at C 1 
carbon, 



o-c 9 -c 

OL 



6 C 
/ 



•r 1 

c 2 

/ 

-C 7 



c 3 



wherein L represents H, NH 4> alkyl having 1 to 4 carbons, tetralkylammonium having 1 to 4 carbons, or an 
alkaline metal or an alkaline earth metal; and further, 

wherein the coumarin derivative has a structure represented by the following formula: 

6 c — c 5 
/ ~~ \ 4 

o—c 9 c 2 — c 3 

8 C — -7 



2. The enzyme substrate according to claim 1 , wherein the C 3 -C 4 bond forms a 5- or 6-membered aromatic ring ; H 
is bound to C 5 , C 6 , and C 7 ; and H or CH 3 is bound to C 8 . 
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The enzyme substrate according to claim 2, wherein the X Cu has a structure represented by the following formula: 

6 c — C 5 

/ ~ \ 



c 2 -c^ c 



/ 

OzC w C=C 7 c=c 

o 



OL 



The enzyme substrate according to claim 1 , wherein dialkylamino having 1 to 3 carbons is bound to C 5 ; hydrogen 
is bound to C 3 , C 4 , C 6 , and C 7 ; and H or CH 3 is bound to C 8 . 

The enzyme substrate according to claim 4, wherein the X cu has a structure represented by the following formula: 




The enzyme substrate according to claim 1 , wherein alkyloxy having 1 to 3 carbons is bound to C 3 and C 5 ; H is 
bound to C 4 , C 6 , and C 7 ; and H or CH 3 is bound to C 8 

The enzyme substrate according to claim 6, wherein the X cu has a structure represented by the following formula: 
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3 



01 CH- 

15 



20 8. The enzyme substrate according to any of claims 1 -7, wherein the BLOCK is a phosphoric acid group (P0 3 ~). 

9. The enzyme substrate according to any of claims 1-7, wherein the BLOCK is D-galactopyranoside. 

10. The enzyme substrate according to any of claims 1-7, wherein the BLOCK is acetyl (CH 3 CO). 

25 

1 1 . A method for determining an enzyme activity, said method comprising the steps of: 

(A) treating a sample containing an enzyme to be detected, with an enzyme substrate represented by the fol- 
lowing formula: 



30 



(BLOCK-0)-X cu 



wherein BLOCK is a blocking group selected from the group consisting of: a monovalent blocking group 
derivable by removal of one hydroxyl from a phosphoric acid group, a sulfuric acid group, or a salt biologically 

35 exchangeable with the foregoing groups; a monovalent blocking group derivable by removal of a hydroxyl from 

an aliphatic carboxyl, an aromatic carboxyl, an amino acid carboxyl, or a peptide carboxyl; and a monovalent 
blocking group derivable by removal of any one hydroxyl from a monosaccharide or a polysaccharide, and said 
BLOCK is cleaved from said substrate by the action of a specified enzyme to yield a HO-X cu product, and fur- 
ther, said HO-X cu product intramolecularly forms a lactone ring to provide a coumarin derivative; 

40 wherein X cu has a structure represented by the following formula, the C 7 -C 2 bond and the C 8 -C 9 bond 

have cis-conf iguration with respect to the C 7 =C 8 double bond, and the X cu is covalently bound to oxygen O at 
C 1 carbon, 



45 



O 



s c~c 5 



50 



8 C=C 7 



55 wherein L represents H, NH 4 , alkyl having 1 to 4 carbons, tetralkylammonium having 1 to 4 carbons, or 

an alkaline metal or an alkaline earth metal; and further, 

wherein said coumarin derivative has a structure represented by the following formula: 
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; and 

(B) detecting said coumarin derivative. 

12. A method for determining an enzyme activity, said method comprising the steps of: 

(A) treating a sample containing an enzyme to be detected, under irradiation conditions, with an enzyme sub- 
strate represented by the following formula: 

(BLOCK-0)-X cu 

wherein BLOCK is a blocking group selected from the group consisting of: a monovalent blocking group 
derivable by removal of one hydroxyl from a phosphoric acid group, a sulfuric acid group, or a salt biologically 
exchangeable with the foregoing groups; a monovalent blocking group derivable by removal of a hydroxyl from 
an aliphatic carboxyl, an aromatic carboxyl, an amino acid carboxyl, or a peptide carboxyl; and a monovalent 
blocking group derivable by removal of any one hydroxyl from a monosaccharide or a polysaccharide, and said 
BLOCK is cleaved from said substrate by the action of a specified enzyme to yield a HO-X cu product, and fur- 
ther, said HO-X cu product intramolecularly forms a lactone ring to provide a coumarin derivative; 

wherein X cu has a structure represented by the following formula, the C 7 -C 2 bond and the C 8 -C 9 bond 
have trans-configuration with respect to the C 7 =C 8 double bond, and the X cu is covalently bound to oxygen O 
at C 1 carbon, 



LO 




wherein L represents H, NH 4 , alkyl having 1 to 4 carbons, tetralkylammonium having 1 to 4 carbons, or 
an alkaline metal or an alkaline earth metal; and further, 

wherein said coumarin derivative has a structure represented by the following formula: 
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; and 

(B) detecting said coumarin derivative. 

13. The method according to claim 1 1 or claim 12, wherein 

the X cu is a substrate in which the C 3 -C 4 bond forms a 5- or 6-membered aromatic ring; H is bound to C 5 , C 6 ; and 
C 7 , and N or CH 3 is bound to C 8 

14. The method according to claim 13, wherein the X cu is a substrate having a structure represented by the following 
formula: 




15. The method according to claim 1 1 or claim 12, wherein the X cu is a substrate in which dialkylamino having 1 to 3 
carbons is bound to C 5 ; hydrogen is bound to C 3 , C 4 , C 6 , and C 7 ; and H or a CH 3 group is bound to C 8 . 

16. The method according to claim 15, wherein the X cu is a substrate having a structure represented by the following 
formula. 
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17. The method according to claim 1 1 or claim 12, wherein the X cu is a substrate in which alkyloxy having 1 to 3 car- 
bons is bound to C 3 and C 5 ; H is bound to C 4 , C 6 , and C 7 ; and H or CH 3 is bound to C 8 . 

18. The method according to claim 17, wherein the X cu is a substrate having a structure represented by the following 
formula. 
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19. The method according to any of claims 11-17, wherein the step of detecting the coumarin derivative is to detect the 
fluorescence of the coumarin derivative. 

20. The method according to any of claims 11-17, wherein 

the BLOCK is a phosphoric acid group (P0 3 ") and said method is to determine the activity of alkaline phosphatase. 

21. The method according to any of claims 11-17, wherein the BLOCK is a phosphoric acid group (P0 3 ) and said 
method is to determine the activity of acidic phosphatase. 

22. The method according to any of claims 11-17, wherein the BLOCK is D-galactopyranoside and said method is to 
determine the activity of (3-galactosidase. 

23. The method according to any of claims 11-17, wherein the BLOCK is acetyl (CH 3 CO) and said method is to deter- 
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mine the activity of esterase. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 
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